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Abstract. We compare the mean-over-variance ratio of the net-kaon distribution calculated
within a state-of-the-art hadron resonance gas model to the latest experimental data from the
Beam Energy Scan at RHIC by the STAR collaboration. Our analysis indicates that it is not
possible to reproduce the experimental results using the freeze-out parameters from the existing
combined fit of net-proton and net-electric charge mean-over-variance. The strange mesons
need about 10-15 MeV higher temperatures than the light hadrons at the highest collision
energies. In view of the recent lambda fluctuation measurements, we predict the net-lambda
variance-over-mean at the light and strange chemical freeze-out parameters. We observe that
the lambda fluctuations are sensitive to the difference in the freeze-out temperatures established
in this analysis. Our results have implications for other phenomenological models in the field of
relativistic heavy-ion collisions.
1. Introduction
Relativistic heavy-ion collisions performed at particle accelerator facilities such as the Large
Hadron Collider (LHC) at CERN and the Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory re-create an early state of the universe that existed microseconds after the
Big Bang. This state of matter from the primordial universe is the Quark-Gluon Plasma (QGP),
so-called because it is the high temperature and density form of matter in which quarks and
gluons are deconfined. The aforementioned accelerators allow for the study of the transition
between the QGP and the protons and neutrons that are the building blocks for nuclei which
permeate the cosmos. The characterization of this phase transition of strongly-interacting, or
QCD, matter has received much attention in the past years from both the theoretical and
experimental communities [1, 2, 3, 4]. The transformation from ordinary matter to the QGP
can be qualitatively described by the different stages of a heavy-ion collision (HIC) [5, 6].
When the highly Lorentz-contracted nuclei collide, the energy density of the system is large
enough to have deconfined quarks and gluons as in the QGP. Due to the near-perfect fluidity
of the QGP, the system can be treated hydrodynamically at this stage. Upon cooling and
expansion, the energy density decreases such that hadrons are formed. After this point, the
hadrons continue interacting, both inelastically and elastically, until the system is so sparse that
there are no further hadronic collisions. The point at which inelastic collisions cease is referred
to as chemical freeze-out, and the second stage when elastic collisions can no longer occur is the
kinetic freeze-out. After freeze-out the hadrons free stream into the detectors for measurement
and identification. Thus, the experimental results for different observables can be linked to the
freeze-out stages in the evolution of the system.
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Chemical freeze-out parameters are typically obtained by treatment of the particle yields or
fluctuations in a thermal model [7, 8, 9]. Thermal fits of particle yields can be used to determine
the temperature, baryonic chemical potential, and volume at freeze-out, (Tf , µB,f , Vf ). If
instead, the ratios of the yields are used, then the volume dependence is eliminated. In addition,
the fluctuations of conserved charges can be used to determine the freeze-out parameters by
comparing experimental results for the particle fluctuations to a thermal model. The Hadron
Resonance Gas (HRG) Model has been used to determine the chemical freeze-out conditions
in this way [8]. One study performed an analysis regarding the sensitivity of the freeze-out
temperature to the different methods of freeze-out analyses [10]. It was shown that for many
particle species the fluctuations provide a better thermometer than the yields, especially in the
case of the strange mesons. This study seeks to characterize the chemical freeze-out during
heavy-ion collisions by utilizing the HRG Model to calculate fluctuations of conserved charges
[11].
2. Methodology
The chemical freeze-out parameters are determined by using the Hadron Resonance Gas Model.
This model describes an interacting gas of hadrons by a system of non-interacting hadrons and
their resonant states. Within the Grand Canonical Ensemble, the pressure of such a hadron gas
is defined as:
P
T 4
=
1
V T 3
∑
i
lnZi(T, V, ~µ),
lnZ
M/B
i = ∓
V di
(2pi)3
∫
d3k ln
(
1∓ exp [− (i − µaXia) /T ]) ,
where, the index i runs over all the particles included in the HRG model from the Particle Data
Group listing, the energy i =
√
k2 +m2i , conserved charges
~Xi = (Bi, Si, Qi), degeneracy di,
massmi, and volume V . In this model, the susceptibilities are the derivatives of the pressure with
respect to the different chemical potentials associated with the conserved charges in heavy-ion
collisions.
χBSQijk =
∂i+j+k
(
P/T 4
)
∂ (µB/T )
i ∂ (µS/T )
j ∂ (µQ/T )
k
The susceptibilities are defined as the various moments of the distribution of the net-charge of
interest.
mean: M = χ1 variance: σ
2 = χ2
skewness: S = χ3/ (χ2)
3/2 kurtosis: κ = χ4/ (χ2)
2
These can be directly related to the experimental moments of the net-particle distributions by
utilizing the ratios of these quantities:
M/σ2 = χ1/χ2 Sσ = χ3/χ2
κσ2 = χ4/χ2 Sσ
3/M = χ3/χ1
We calculate the ratio χ1/χ2 for the net-kaons (K
+ - K−) and compare to the experimental
results from the STAR collaboration. In order to directly compare to the experimental data, the
HRG model must also include the acceptance cuts on rapidity, y, and transverse momentum,
pT , which match the ones from the experiment. Thus, the susceptibilities for the net-kaon
fluctuations are given by:
χnet−Kn =
NHRG∑
i
(Pri→net−K)n
T 3−(n−1)
S1−ni di
4pi2
∂n−1
∂µn−1S
{∫ 0.5
−0.5
dy
∫ 1.6
0.2
dpT×
pT
√
p2T +m
2
iCosh[y]
(−1)Bi+1 + exp((Cosh[y]
√
p2T +m
2
i − (BiµB + SiµS +QiµQ))/T )
}
In order to uniquely determine each set of chemical freeze-out parameters for the different
collision energies, another quantity from the phase diagram is required. Our first choice was to
utilize the higher order moments of the net-kaon distribution, but the error on these quantities
is too large to provide a precise determination of the freeze-out parameters. However, the
isentropic trajectories from Lattice QCD provide that relationship between T and µB since they
show the path of the HIC system through the phase diagram in the absence of dissipation [12].
The isentropic lines are established by requiring that the entropy per baryon number (S/NB) is
conserved along this path.
3. Results
We calculate the mean-over-variance, χ1/χ2, of the net-kaons along the Lattice QCD isentropes.
By finding the overlap with the experimental values for the same quantity, we determine the
freeze-out conditions for the kaons for each collision energy.
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to match {χ p1 /χ p2 ,χQ1 /χQ2 }. Such an analysis was performed
in Ref. [28]. However, for strange particles only net kaons
have been measured, so it is not possible to determine both
{Tf , µB f } by fitting χK1 /χK2 . We tried a simultaneous fit of
χK1 /χ
K
2 and χK3 /χK2 , but the experimental error bars on the
latter did not allow a precise determination of the freeze-out
parameters. In Fig. 3 of Ref. [30], isentropic trajectories using
lattice QCD results for the Taylor-reconstructed QCD phase
diagram at finite µB are shown. These trajectories assume that
the entropy per baryon number is conserved and illustrate the
path across which the quark gluon plasma evolves through
the phase diagram after a heavy-ion collision in the absence
of dissipation. They are a reasonable approximation of the
actual ones over a short section of the system evolution,
close to the freeze-out. Thus we assume that the evolution
of the system created in a heavy ion collision lies on the
lattice QCD isentropic trajectories, which yield a relationship
between T and µB. These isentropes were determined by
starting from the chemical freeze-out points for light hadrons
from Ref. [28], calculating S/NB at those points, and imposing
that the ratio is conserv d on th corresponding trajectory.
In this way we take into account the possibility that kaons
can freeze-out at a different moment in the evolution of
the system at a given collision energy, related to the light
particle freeze-out point by the conservation of S/NB. This
procedure allows us t d termine {Tf , µB f } for kaons. Re-
cently, the authors of Ref. [31] performed an analysis similar
to the one presented here, but they determined the freeze-
out chemical potentials by fitting the antibaryon-over-baryon
abundance ratios for the different collision energies. The
results they found are compatible with ours.
III. RESULTS
In Fig. 1, χK1 /χK2 is calculated along the lattice QCD
isentropic trajectories (pink, dashed band) and compared
to the (M/σ2)K (mean-over-variance) data from the STAR
Collaboration [27] (gray, full band). At√sNN = 200 GeV, due
to the large experimental uncertainty, the region of overlap
between the theoretical band and the experimental data corre-
sponds to a temperature range of T ≈ 163–185 MeV, which
is clearly above the light chemical freeze-out temperature
T f = 148 ± 6 MeV. At lower energies, the overlap region is
smaller but it is still located around T ≈ 160 MeV. We would
like to stress that, even though we calculate χK1 /χK2 in the
HRG model up to temperatures as high as T ≈ 190 MeV,
we do not expect this approach to hold for these values of
T , well above the pseudocritical temperature predicted from
lattice QCD. Nevertheless, we show the curves up to these
high temperatures for completeness, and to see how large the
overlap region with the experimental value turns out to be in
this approach.
In Fig. 2 we directly compare our acceptable bands for the
strange {T f , µ fB} (gray bands) and the light {T f , µ fB} from
Ref. [28] (red points). Note that the shape of the strange
{T f , µ fB} regions reflects the shape of the overlap regions
seen in Fig. 1. From the plot it is clear that, performing the
same an lysis as was done in Ref. [28] for light particles, the
freeze-out parameters that we obtain from kaon fluctuations
are in disagreement with the light particle ones. Therefore,
we conclude that the kaon fluctuation data from the STAR
Collaboration cannot be reproduced within the HRG model,
using the freeze-out par meters obtained from the combined
analysis of χ p1 /χ
p
2 and χ
Q
1 /χ
Q
2 . Kaon fluctuations seem to
confirm a flavor hierarchy scenario. In the same figure, we also
show the freeze-out parameters from thermal fits to particle
yields by the STAR Collaboration at
√
s = 39 GeV [10].
The orange triangular point has been obtained by fitting all
measured ground-state hadrons, while for the blue diamond-
shaped point the fit only included protons, pions and kaons.
It is clear that the inclusion of all strange particles drives the
freeze-out temperature to values which are close to the ones
FIG. 1. Results for χK1 /χK2 calculated in the HRG model along the lattice QCD isentropic trajectories (pink, dashed band) compared to
(M/σ2)K data from [27] (gray, full band) across the Beam Energy Scan at STAR.
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Figure 1. Results for χK1 /χ
K
2 calcul ted in the HRG model along the lattice QCD isentropic
trajectories (pink, dashed band) compared to (M/σ2)
K
data from [27] (gray, full band) across
the Beam Energy Scan at STAR
Figure 1 shows χK1 /χ
K
2 as a function of the temperature for a range of collision energies of the
Beam Energy Scan (BES). In this figure, the red bands are the susceptibilities in the HRG model
calculated along the isentropes, and the gray bands correspond to the experimental values with
error bars included. For the highest collision energy, we find a freeze-out temperature for net-
kaons in the range of T ≈ 163-185 MeV. Figure 2 shows the freeze-out conditions determined
from this analysis in the QCD phase diagram as compared to the freeze-out conditions for light
hadrons and thermal fits from the STAR collaboration [13]. The freeze-out conditions for the
light hadrons were determined by performing a combined fit of the net-proton and net-electric
charge fluctuations. This plot shows there is a separation of about 10-15 MeV between the
freeze-out temperature for the kaons and the light hadrons at the highest collision energy.
Figure 2. Freeze-out parameters across the highest five energies of the Beam Energy Scan. The
red points were obtained from the combined fit of χp1/χ
p
2 and χ
Q
1 /χ
Q
2 , while the gray bands are
obtained from the fit of χK1 /χ
K
2 in this work. Also shown are the freeze-out parameters obtained
by the STAR collaboration at
√
s = 39 GeV from thermal fits to all measured ground-state yields
(orange triangle) and only to protons, pions, and kaons (blue diamond-shaped symbol).
In light of the recent experimental data for the Λ fluctuations, we show predictions for the
mean-over-variance in figure 3 for both freeze-out conditions. The dotted curve shows the Λ
fluctuations in the case of freeze-out with the light hadrons, and the solid curve shows the
fluctuations at a chemical freeze-out with the kaons. Comparison of the experimental data with
these results will help to shed light on the behavior of this strange baryon during freeze-out.R. BELLWIED et al. PHYSICAL REVIEW C 99, 034912 (2019)
FIG. 2. Freeze-out parameters across the highest five energies
from the Beam Energy Scan. The red points were obtained from
the combined fit of χ p1 /χ
p
2 and χ
Q
1 /χ
Q
2 [28], while the gray bands
are obtained from the fit of χK1 /χK2 in this work. Also shown are
the freeze-out parameters obtained by the STAR collaboration at√
s = 39 GeV [10] from thermal fits to all measured ground-state
yields (orange triangle) and only to protons, pions, and kaons (blue
diamond-shaped symbol).
we find from kaon fluctuations. The fit to protons, pions, and
kaons yields a freeze-out temperature compatible to the one
obtained from the combined fit of net-proton and net-charge
fluctuations in [28].
Experimental data for " fluctuations will soon become
available. They could serve as a further test for the two freeze-
out scenario, as they carry strangeness as well. For this reason,
in Fig. 3 we show our predictions for χ"2 /χ"1 (upper panel)
and χ"3 /χ"2 (lower panel) as functions of the collision energy,
calculated at the values of Tf and µB f extracted from the fit
of χK1 /χK2 (orange, full line), and from the combined fit of
χ
p
1 /χ
p
2 and χ
Q
1 /χ
Q
2 (blue, dashed line). Both observables show
a clear separation between the two scenarios, that the future
experimental results will hopefully be able to resolve.
IV. CONCLUSIONS
We performed a fit of the net-kaon χ1/χ2 data from the
STAR Collaboration, in order to extract the freeze-out pa-
rameters for kaons. We observe a clear separation between
the freeze-out temperatures extracted from net-kaon fluctua-
tions and those obtained from a combined fit of net-proton
and net-charge fluctuations, up to µB ≈ 200 MeV. As µB
increases, it appears that there could be a convergence of
the strange vs light temperatures; however, the acceptable
band at√sNN = 19.6 GeV for the strange chemical freeze-out
temperature is quite large, due to the current experimental
and theoretical uncertainties. Thus one cannot make a clear
statement at low energies. We also would like to point out
that, at the highest collision energy, the overlap of the data
with the isentropic trajectories is so large that it yields values
of the freeze-out temperature as high as 190 MeV, which is
clearly incompatible with the temperature predicted for the
chiral phase transition on the lattice.
FIG. 3. Upper panel: χ"2 /χ"1 as a function of
√
s. Lower panel:
χ"3 /χ
"
2 as a function of
√
s. In both panels, the orange points joined
by a full line are calculated at the values of Tf and µB f extracted from
the fit of χK1 /χK2 , while the blue points joined by a dashed line are
calculated at the values of Tf and µB f extracted from the combined
fit of χ p1 /χ
p
2 and χ
Q
1 /χ
Q
2 in Ref. [28].
It is worthwhile to point out that the bands that we show in
Fig. 2 do not take into account possible sources of systematic
uncertainties that are intrinsic in our analysis, performed
within the ideal HRG model. In particular, one should keep
in mind that the experimental data that we used might be
affected by several sources of nonthermal fluctuations, such
as global conservation laws [32,33], fluctuations in the ratio
of electric charge vs baryon number in Eq. (2), volume
fluctuations [33–36], and modifications of the p T distribution
due to radial flow. However, most of these effect are expected
to be small for the mean-over-variance ratio considered here.
Other versions of the HRG model which include excluded vol-
ume [37,38] or Van der Waals interactions [39,40], or which
incorporate hadronic interactions by means of the S-matrix
formalism [41,42], might also lead to different results. Finally,
final-state interactions in the hadronic phase might affect
fluctuations of different quark flavors differently [43,44].
Our results have interesting implications for hydrodynam-
ical modeling at the Beam Energy Scan. They provide the
first evidence (beyond tantalizing hints from thermal fits) that
strange hadrons could freeze out at around T ≈ 10–15 MeV
higher temperatures than light hadrons. Certainly, at the high-
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Figure 3. χΛ2 /χ
Λ
1 as a function of
√
s. The orange points joined by a full line are calculated at
the values of Tf and µB, f extracted from the fit of χ
K
1 /χ
K
2 , while the blue points joined by a
dashed line are calculated at the values of Tf and µB,f extracted from the combined fit of χ
p
1/χ
p
2
and χQ1 /χ
Q
2 .
4. Conclusions
We have presented results for the freeze-out parameters of net-kaons for a range of collision
energies of the Beam Energy Scan. We found that the experimental results for the kaons
cannot be reproduced by utilizing the freeze-out parameters for the light hadrons, which were
determined by the combined fit of net-proton and net-electric charge. We see a separation
between the freeze-out temperature for light hadrons and kaons for the highest collision energies
of the BES. We provide predictions for the net-Λ fluctuations which can be compared to the
experimental results coming from the STAR collaboration.
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